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Abstract  
Sensors to detect toxic and harmful gases are usually based on metal oxides that are operated at 
elevated temperature. However, enabling gas detection at room temperature (RT) is a significant 
ongoing challenge. Here, we address this issue by demonstrating that microrods of 
semiconducting CuTCNQ (TCNQ=7,7,8,8-tetracyanoquinodimethane) with nanostructured 
features can be employed as conductometric gas sensors operating at 50°C for detection of 
oxidizing and reducing gases such as NO2 and NH3. The sensor is evaluated at RT and up to 
200°C. It was found that CuTCNQ is transformed into a N-doped CuO material with p-type 
conductivity when annealed at the maximum temperature. This is the first time that such a 
transformation, from a semiconducting charge transfer material into a N-doped metal oxide is 
detected. It is shown here that both the surface chemistry and the type of majority charge carrier 
within the sensing layer is critically important for the type of response towards oxidizing and 
reducing gases. A detailed physical description of NO2 and NH3 sensing mechanism at CuTCNQ 
and N-doped CuO is provided to explain the difference in the response. For the N-doped CuO 
sensor, a detection limit of 1 ppm for NO2 and 10 ppm for NH3 are achieved.  
Keywords: sensors, CuTCNQ, nitrogen dioxide, ammonia, microstructured film, N doped CuO, 
X-ray photoelectron spectroscopy. 
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Introduction 
Materials of the type MTCNQ (TCNQ=7,7,8,8-tetracyanoquinodimethane, M=metallic and non-
metallic cations) have been extensively investigated from both a fundamental and practical 
viewpoint as properties such as conductivity and magnetism can be tuned via choice of the 
appropriate cation.
1
  In particular, CuTCNQ has been the subject of intense study over the last 
number of years due to its applicability to molecular based switching devices and field 
emission.
2-6
 However there has been a burgeoning interest in applying these materials to other 
applications, which is not surprising given their rich chemistry and tunable properties. This has 
led to applications in heterogeneous catalysis,
7-9
 superhydrophobic surfaces,
10
 anti-bacterial 
fabrics,
11
 photocatalysis,
12-13
 humidity sensors,
14
 reversible iodine storage,
15
 pressure sensors
16
 
and contact electrodes in organic electronic devices.
17
  
The development of semiconductor gas sensors for the detection of toxic and harmful gases is 
also of significant interest and a wide variety of materials have been employed which can be split 
into two groups, n-type materials such as SnO2, ZnO, TiO2 and WO3; and p-type materials such 
as NiO, CuO, Co3O4 and Cr2O3, however the latter group is still in the early stages of 
development.
18-20
 The vast majority of materials used for gas sensing are still based on metal 
oxides which in most cases require operation at elevated temperatures. Therefore there is a 
significant research effort to investigate materials with distinctive surface activities and electrical 
properties that are suited to high performance gas sensing at room temperature. To facilitate 
room temperature gas sensing, materials based on TCNQ such as TTF-TCNQ,
21-23
 have been 
investigated; however they suffer from poor sensitivity, irreversible gas adsorption and hence 
poor recovery. However it is surprising that the research effort in this area was limited almost 
solely to TTF-TCNQ, given the variety of MTCNQ materials that are easy to prepare.   
 4 
Considering that n-type semiconducting CuTCNQ shows heterogeneous catalytic activity for 
electron transfer reactions with high reusability
8
 it was postulated that this material should also 
be sensitive to the presence of electron donating and electron withdrawing gases affecting the 
conductivity of the material. Therefore we investigated the sensing properties towards NO2 and 
NH3 gases of a conductometric gas sensor based on a CuTCNQ nanostructured surface. The 
detection of NO2 is particularly important given the detrimental effects it has on the 
environment, such as a contributor to acid rain, and on human health as cause of acute 
respiratory illness at elevated concentration levels.
24
 Given the extensive use of ammonia in 
many industries, the detection of this volatile and toxic gas is also critically important. 
Interestingly in this work it was found that CuTCNQ is sensitive to both gases at room 
temperature but demonstrates unexpected behavior in terms of the mechanism of gas interaction 
with the surface. Therefore, we performed a detailed study of the atomistic mechanism of gas 
interaction with the surface, providing a justification to the sensing results. Furthermore, after 
annealing to improve the sensor performance it was discovered that the composition of the film 
changed, resulting in significantly greater sensitivity and faster recovery times. This study 
produced significant results on the room temperature gas sensing properties of MTCNQ, with 
important implications for the use of these materials in sensing applications.  
Experimental 
Device Fabrication 
A copper (Cu) thin film with thickness of ~300 nm was deposited on unpolished alumina 
substrates (7×7 mm
2
) via electron beam (E-beam) evaporation at RT and was then immersed in a 
solution of 1 mM of TCNQ (7,7,8,8-tetracyanoquinodimethane, Aldrich, 98%) in acetonitrile 
(CH3CN anhydrous, Sigma, 99.8%) for 1 h at RT. The substrate was then removed from the 
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solution and gently washed with Milli-Q water (resistivity of 18.2 MΩ.cm at 25°C) and blown 
dry under a stream of N2. Two Au electrodes with a thickness of ~100 nm and separation of 
~1 mm were deposited on top of the CuTCNQ films using an Au coater (Leica EM-SCD005 
Sputter Coater). The 3-D configuration of the developed sensor is shown in Figure 1a.  
Material Characterization 
Material characterization was carried out using field emission scanning electron microscopy 
(FESEM, Zeiss Sigma VP field emission scanning electron microscope equipped with an Oxford 
XMax 50 Silicon Drift energy dispersive X-ray detector at 20 kV under high-vacuum), atomic 
force microscopy (AFM, Nanosurf FlexAFM with a budget-sensors ContAl-G cantilever) in 
contact mode, Fourier transform infrared spectroscopy (FT-IR, Thermo Nicolet Nexus 870 FTIR 
equipped with either a Harrick Scientific VariGATR single bounce Ge ATR accessory or a 
Thermo Nicolet Smart Endurance diamond ATR accessory), Raman spectroscopy (inVia 
Renishaw Raman microscope equipped with a 532 nm laser at 7 mW, 1 μm spot size), X-ray 
diffraction (XRD, PANalytical X’Pert Pro MPD powder X-ray diffractometer) with Cobalt Kα 
radiation in grazing incident mode (ω=1.5°), and X-ray photoelectron spectroscopy (XPS, 
Omicron MultiProbe system using a unmonochromated Al Kα X-ray source). 
 The XRD data was analyzed using PANalytical Highscore Plus software version 4.0 and the 
XPS data using CasaXPS software version 2.3.16. 
Gas Sensing Measurements 
The CuTCNQ sensor responses to NO2 and NH3 gases were evaluated using a high precision 
multi-channel gas testing system, including a 1100 mL volume test chamber capable of testing 
four sensors in parallel, 8 high precision mass flow controllers (MFC, MKS 1479A) to regulate 
the gas mixture, 8-channel MFC processing unit (MKS 647C), a picoammeter (Keithley 6487) 
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and a climatic chamber to control the temperature as illustrated in Figure 1b. A more detailed 
diagram is outlined in the supporting information (Figure S1). The sensors were placed onto a 
micro-ceramic heater and the measurements were performed at different temperatures of 25, 50 
and 100°C. The target gas was diluted by means of synthetic air to lower concentrations (max. 
12.2 ppm for NO2 and 99 ppm for NH3). The desired concentration of the target gas was 
obtained by adjusting the respective flow rates via the MFCs, while maintaining a total constant 
flow rate of 200 sccm (mL/min). The response upon gas exposure was evaluated by measuring 
the sensors resistance variation using a bias voltage of 0.5 V. 
 
Figure 1. Schematic representation of (a) a CuTCNQ nanostructured based sensor and (b) gas 
sensing set-up. 
Results and Discussion 
CuTCNQ can be readily formed on copper surfaces via reaction with dissolved TCNQ in 
acetonitrile as reported previously. The morphology of the copper surface has been shown to 
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influence the growth process and therefore, to ensure a homogeneous surface coating with 
CuTCNQ an e-beam evaporated Cu film was chosen with a roughness value of 134.3 nm 
(FESEM and AFM images are shown in Figure S2).  After reaction with 1 mM TCNQ at RT in 
acetonitrile the surface was covered with a dense layer of CuTCNQ from which micrometer 
sized CuTCNQ crystals grew of around 2 µm in diameter (Figure 2a).  These microrods were in 
fact bundles of smaller nanorods of ca. 100-500 nm in diameter (Figure 2b) ensuring a high 
surface area material that is desired for gas adsorption.  
 
Figure 2. FESEM images of as-deposited CuTCNQ film on alumina substrate (a) an overview 
and (b) higher resolution. 
To ensure that CuTCNQ was formed, the as-deposited film was characterized using Raman 
spectroscopy (Figure 3). Characteristic bands at 1377 cm
-1
 and 2207 cm
-1
 were observed 
corresponding to C-CN wing stretching and C-N stretching modes, respectively which are 
(b)
(a)
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indicative of TCNQ being in the reduced form (i.e. formation of CuTCNQ). The material was 
confirmed to be phase I CuTCNQ via FT-IR experiments (Figure S3) with characteristic bands at 
2199, 2173 (υ(C≡N) region), 1506, 1352 (υ(C=C) region) and 825 cm-1 (δ(C-H) region). 
 
Figure 3. Raman spectrum of the as-deposited CuTCNQ film  
The electrical and sensing performance of the as-deposited CuTCNQ film was studied towards 
NO2 and NH3 gases balanced in synthetic air at 25°C (Figure 4). The initial resistance of the film 
of ca. 21 kΩ is consistent with the formation of phase I CuTCNQ which has a room temperature 
conductivity of 0.2 S cm
-1
 in a pressed pellet configuration.
25
 The sensor exhibited an increase in 
resistivity upon exposure to both NO2 and NH3 gases. This is quite a surprising result as 
CuTCNQ is a known n-type material and therefore should respond differently to oxidizing (NO2) 
and reducing (NH3) gases. The behavior towards NO2 gas is as expected for a n-type material as 
electrons are transferred from CuTCNQ to NO2 thereby depleting the major charge carriers in 
CuTCNQ resulting in a resistance increase. Significantly, the NO2 sensing results (Figure 4, red 
curve) exhibit a better performance for the as-deposited CuTCNQ film compared with reports in 
the literature for TTF-TCNQ based sensors.
21-23
 In all of these cases it was reported that TTF-
TCNQ gave an irreversible response to NO2, while our sensor showed quite a reversible response 
that required only 16 minutes to recover to a reasonable extent. It also shows improved 
 9 
performance compared to a KTCNQ based sensor which showed partial reversibility to NO2 on a 
time frame of the order of 90 mins.
26
 The as-deposited CuTCNQ also shows a lower detection 
limit at RT when compared to nanostructured diamond based sensors
27
 and  sensors based on 
Cu2O (Cu))/MWCNTs composites.
28
 However, it should be noted that a direct comparison of 
those results with our work, is not quite possible as the sensing materials are not the same. 
 
Figure 4.  Dynamic response of as-deposited sensors at 25°C towards 6 and 12 ppm NO2 and 50 
and 99 ppm NH3.  
For a reducing gas such as NH3, when electrons are injected into CuTCNQ a resistance decrease 
should be seen which is contrary to what was observed (Figure 4, blue curve). This suggests that 
there may be a chemical reaction occurring between CuTCNQ and NH3 rather than pure electron 
transfer. To test this hypothesis, CuTCNQ was dissolved in ~4 mL acetonitrile (it has a solubility 
of 0.14 mM in acetonitrile
29
) and 195 µL of ammonia solution (NH3 wt. 25% in water) was 
added. UV-vis absorption spectra of the solution before and after introduction of NH3 were 
obtained (Figure 5). The absorption band at ~421 nm and bands from 600-800 cm
-1
 
corresponding to TCNQ
-30
 show a marked reduction in intensity with time. Given that NH3 is a 
reductant it is expected that TCNQ
-
 will be reduced to TCNQ
2-
. It is well documented that the 
latter dianion is unstable and oxidizes into dicyano-p-toluoyl cyanide (DCTC
-
) in the presence of 
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oxygen.
31
 The formation of DCTC
-
 is confirmed by the appearance of a new band at ~473 nm.
31
 
Therefore during the course of gas sensing, CuTCNQ reacts with NH3 in the presence of air to 
form the more insulating species CuDCTC on the surface, which results in a resistance increase. 
This also explains the poor recovery of the sensor when exposed to air, as this chemical 
conversion is irreversible. 
 
Figure 5. Successive UV-vis absorption spectra of a solution obtained by dissolving CuTCNQ in 
acetonitrile after adding NH3 to the solution. 
To the best of the authors’ knowledge, this is the first report of NO2 and NH3 sensing 
performance of as-deposited CuTCNQ films at RT. In fact, a response of 0.12% and 0.06% was 
recorded upon 5 min exposure to 6 ppm NO2 and 50 ppm NH3, respectively which is quite 
acceptable given the response was recorded at room temperature and using such a low 
concentration of NO2 in particular. The response (R) was calculated according to the equation: 
 
𝑅(%) = 100 ×  
(𝛥𝑅 = 𝑅𝑔𝑎𝑠 − 𝑅𝑎𝑖𝑟)
𝑅𝑎𝑖𝑟
           (1) 
where Rair is the film resistance under synthetic air and Rgas is the film resistance upon exposure 
to the target gas.  
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A common practice in gas sensing to improve sensitivity, response time and recovery is to anneal 
the sample and/or operate the gas sensor at higher temperatures. Therefore the sensor was 
annealed in air for 30 min stepwise at 50, 100, 150 and 200°C. The annealed film showed a 
much higher resistivity than the as-deposited film in the presence of synthetic air (450 MΩ vs. 
~21 kΩ). The annealed sensor displayed a higher response and better recovery than the as-
deposited one towards 50 and 99 ppm NH3 at 25°C (Figure 6, blue curve). A response of 11% 
was recorded for 50 ppm NH3. For NO2, the annealed sensor was exposed to 6 and 12 ppm NO2 
at 25°C for 5 min and a significant improvement in sensitivity was observed with a response of 
36.46% to 6 ppm NO2 (Figure 6, red curve). Interestingly, a transition from n- to p-type behavior 
was observed after annealing CuTCNQ.  
 
Figure 6. Dynamic response of annealed sensors at 25°C towards 6 and 12 ppm NO2 and 50 and 
99 ppm NH3. 
This unexpected switch in behavior indicates that the electronic structure of the CuTCNQ 
material has changed upon heating. It is known that CuTCNQ can exist as two phases, a 
kinetically stable phase (phase I) and a thermodynamically stable phase (phase II) where the 
latter has a significantly lower conductivity (10
-5
 S cm
-1
) than phase I.
25
 To investigate this 
possibility, the CuTCNQ surface after annealing was extensively characterized. After annealing 
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in the gas sensing chamber at temperatures of up to 200°C in air, CuTCNQ films were 
characterized using FESEM/EDX. As illustrated in Figure 7, the morphology of the sample 
changed in that the microrods no longer consisted of smaller nanorods but became more pitted 
(Figure 7a, 7b) and comprised of much smaller crystallites (Figure 7c). EDX analysis on the 
annealed film revealed the presence of Cu, O and N elements (Figures S4, S5). For CuTCNQ 
films that were annealed and subjected to a full cycle of gas sensing with NO2 and NH3, the 
FESEM images were comparable in the fact that the microrod structure was preserved but the 
sample did show some disintegration of the surface and coverage with a surface film most likely 
due to the interaction of the gas with the surface at elevated temperature (Figure S6). 
 13 
 
Figure 7. FESEM images of the microstructured film after annealing (a) an overview; (b) and (c) 
higher resolution. 
However, grazing incident X-ray diffraction (GIXD) analysis surprisingly showed a complete 
absence of any peaks associated with CuTCNQ and instead revealed the crystalline phase of 
CuO (Tenorite, syn, ICDD PDF file no. 45-0937) (Figure 8). FT-IR data also indicated the 
absence of any characteristic CuTCNQ features (Figure S7), however there are still some bands 
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in the υ(C≡N) region. As the alumina substrate dominated the polycrystalline diffraction pattern, 
grazing incident mode was used to suppress the peaks corresponding to the substrate.  
 
Figure 8. XRD pattern of the sensing layer after step wise annealing in air, the asterisks 
correspond to Al2O3 (Corundum, ICDD PDF file no. 96-900-9673). 
Further confirmation for the formation of CuO is provided by XPS data (Figure 9). The Cu 2p 
core level spectra are shown in Figure 9a with peaks at 933.8 and 953.6 eV with two shake-up 
satellite peaks between 938.9 and 947.0 eV and between 959.1 and 966.0 which are indicative of 
CuO.
32
 The O 1s core level spectrum (Figure 9b) shows a peak at 529.8 eV consisting of two 
components, which is consistent with the formation of CuO. However, it was found that the CuO 
material also contained nitrogen. Illustrated in Figure 9c is the N 1s core level spectrum with a 
distinct peak at 399.0 eV. This indicates that N is in fact doped into the CuO material at an 
appreciable level with a surface concentration of approximately 1%. The peak position is 
consistent with a previous report for a C-N-Cu type species, 
33
 and is also consistent with some 
FT-IR bands in the (υ(C≡N) region (Figure S7). However the peak position is significantly 
different to that found for CuTCNQ at 398.7 eV and implies that the incorporated N is no longer 
part of the CuTCNQ moiety. Therefore after annealing CuTCNQ at 200°C in air, it is converted 
into N-doped CuO. This we believe is the first report of CuO being doped with nitrogen. It has 
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been reported previously that Cu2O can be doped with nitrogen via oxidation of copper at 300°C 
by introducing a nitrogen plasma through a radio frequency gun during the oxidation process
34
 or 
reactive magnetron sputtering where N2 and O2 gases are introduced during the copper sputtering 
to give a concentration of 1.7 at % 
35
 or 2.54 at % at higher sputtering temperatures.
36
 All the 
data suggests that CuTCNQ is in fact fully converted to N-doped CuO given the absence of any 
peaks for CuTCNQ in the XRD pattern which is a technique that has a high penetration depth, 
the absence of CuTCNQ peaks in the FTIR spectrum and the difference in binding energy for the 
Cu 2p peak compared to CuTCNQ.  
It could be envisaged that N-doped CuO is formed via unreacted Cu being annealed in an air 
atmosphere that contains nitrogen. Therefore in a control experiment, a 7×7 mm
2 
plain Cu foil 
(etched using 10% v/v HNO3, washed with acetone and methanol and blown dried in a stream of 
N2 gas) was annealed in the gas sensing chamber following the same procedure described for 
CuTCNQ annealing and the sample was subjected to further analysis. As shown in Figure S8, the 
N 1s core level lacks the peak at 399.0 eV confirming that the nitrogen dopant originated from 
the CuTCNQ layer and not from the atmospheric air in the chamber. XRD data shows the 
crystalline phase of Cu2O (Cuprite, syn, ICDD PDF file no. 05-0667) (Figure S9) in contrast to 
CuO formed via annealing of CuTCNQ. From the XPS analysis the Cu 2p core level corresponds 
to CuO and suggests the presence of CuO at the surface while the bulk material is mainly 
composed of Cu2O. Therefore this indicates that the copper ions in Cu
+
TCNQ
-
 are oxidized 
further in the presence of oxygen to the CuO material and that the nitrogen present within 
CuTCNQ is incorporated into the final material. 
Therefore this explains both the change in resistance in synthetic air from kΩ to MΩ and the 
sensing behavior for NO2 gas sensing from n-type to p-type after the annealing process, as CuO 
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is a well-known p-type material. During NO2 gas sensing, the hole concentration increases as 
electrons are ejected from the CuO film and contribute to the formation of negatively charged 
oxygen species upon exposure to the oxidizing NO2 gas resulting in a resistance decrease.
37
 The 
sensing mechanism for the surface reaction of NO2 gas can be described as
38
: 
NO2(gas) + e
-
 → NO(gas) + O
-
(surf)     (2) 
 
Figure 9. XPS spectra of the CuTCNQ film after annealing. 
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To improve the slow recovery time, the annealed sensor was consequently tested at higher 
operating temperatures of 50 and 100°C. Figure 10a depicts and compares the dynamic response 
of the annealed sensor towards 1, 3, 6 and 12 ppm NO2 at 50 and 100°C to that of 25°C. Table 1 
compares the response of the sensor towards NO2 with different concentrations at temperatures 
of 25, 50 and 100°C. It should be noted that the response value for the pulses after the first 
exposure is not accurate because the sensor did not return to the baseline, namely, the target gas 
has not purged out completely. It was observed that there was not an improvement in the 
responses to NO2 at 50°C as compared to the responses at 25°C, while the recovery time 
improved significantly at 50°C (Figure 10b).  
 
Figure 10. (a) Dynamic response of annealed sensor at operating temperatures of 25, 50 and 
100°C towards NO2 and (b) A plot of response as a function of NO2 concentrations. 
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Table 1.  Response of annealed sensor towards NO2 at various concentrations at different 
operating temperatures 
NO2 
(ppm) 
Response (%) 
25°C 50°C 100°C 
1 2.7 4.9 13.5 
3 17.9 15.4 7.3 
6 23.9 23.9 9.1 
12 26.7 25.8 13.5 
 
A detection limit of 1 ppm with a response of 2.69 and 4.92% was recorded at temperatures of 
25°C and 50°C, respectively. The results of the current work are much higher than the ones that 
have been reported so far in the literature for CuO film based sensors.
37, 39-40
 This may be 
attributed to the N doping of CuO film after annealing and/or the morphology of the CuTCNQ 
film at high temperatures and is the subject of further investigation. Li et al.
39
 has reported a 
detection limit of 10 ppm for NO2 at a temperature of 200°C for CuO particles and plates. A 
detection limit of 5 ppm at 50°C for CuO nanoparticles based sensors has been observed by Das 
et al.
37
 In addition, a detection limit of 1 ppm NO2 has been observed for CuO nanowires 
operating at a high temperature of 300°C by Kim et al.
40
  
From Figure 10a, an interesting NO2 concentration dependence on the switching response can be 
observed. The resistance increases upon exposure to concentrations <6 ppm NO2, while it 
decreases for concentrations ≥6 ppm. There is a transition between the increase and decrease in 
the response at 3 ppm. This indicates that the interactions between NO2 and the surface oxygen 
can either be oxidative or reductive depending on the NO2 concentration. Kim et al.
40
 also 
reported two opposite NO2 sensing behaviors for CuO nanowires. They recorded a resistance 
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increase upon exposure to ≤5 ppm NO2 and decrease in the resistance for high concentrations of 
30 and 100 ppm. A resistance decrease in a p-type CuO film upon exposure to an oxidizing gas 
like NO2 with concentrations ≥6 ppm is relatively common and is due to depletion of the major 
charge carriers at the surface of the p-type CuO. The increase in the sensor resistance for 
concentrations below 6 ppm has been explained by Ruhland et al.
41
 who suggested that the 
interaction between the NO2 and a metal oxide surface such as SnO2 at 400°C can be described 
as: 
NO2(gas) + O
−
(surf)→ NO(gas) + O2(gas) + e
−
     (3) 
([NO2] < 0.6 ppm)    
NO2(gas) + e
−→ NO(gas) + O
−
(surf)                       (4) 
([NO2] > 1 ppm)    
According to the reactions (3) and (4) the electron concentration increases at low NO2 
concentration and decreases at high NO2 concentration in the n-type semiconductor SnO2. As 
explained by Kim et al.
40
 considering that CuO is a p-type semiconductor, the electron 
generation by reaction (3) at NO2 concentrations <6 ppm, and the electron consumption by 
reaction (4) at NO2 concentrations ≥6 ppm are assumed to increase and decrease the resistance of 
p-type CuO film, respectively. At the higher NO2 concentrations, the reaction in eqn. 3 is likely 
to deplete the CuO surface from O
−
 sites as discussed by Ruhland et. al.
41
 Therefore, under these 
conditions a direct interaction of adsorbing NO2 molecules with surface metal ions occurs and 
electrons will be ejected from the surface. In our case with p-type CuO the consumption of 
electrons via this process results in the expected resistance decrease. Even though O
− 
is re-
generated via eqn. 4 it is apparent that under high concentrations of NO2, that even the newly 
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generated O
-
 surface sites are depleted. Therefore it appears that the process in eqn. 3 can only be 
involved to a certain extent at higher concentration. This competing reaction mechanism is then 
clearly evident at the 3 ppm concentration level where both behaviors are observed. 
When the N-doped CuO sensor was operated at 100°C, the recovery time improved but the 
response declined significantly (Figure 10b). The FESEM image (Figure S6) indicates that the 
nanostructures dimensions reduced and the film was compromised after prolonged heat 
treatment. Thus, the reduction in the response is attributed to a reduction in the surface area of 
the sensing layer that is required for interaction with the gas molecules.  
The dynamic response of the annealed sensor that is converted to N-doped CuO towards 10, 20, 
50 and 99 ppm NH3 is shown in Figure 11a. As the temperature increased, the response and 
recovery time improved significantly (Figure 11b), nonetheless the baseline drifted. A response 
of 2.57, 5.4 and 7.35% was recorded for 10 ppm NH3 at 25, 50 and 100°C. Table 2 summarizes 
the response towards NH3 at various concentrations at different temperatures.  
 21 
 
Figure 11. (a) Dynamic response of annealed sensor at operating temperatures of 25, 50 and 
100°C towards NH3 and (b) A plot of response as a function of NH3 concentrations. 
Table 2.  Response of annealed sensor towards NH3 at various concentrations at different 
operating temperatures  
NH3 
(ppm) 
Response (%) 
25°C 50°C 100°C 
10 2.6 5.4 7.4 
20 3.6 5.7 7.7 
50 5.0 6.1 9.0 
99 5.0 6.5 11.3 
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Shao et al.
42
 reported a sensitivity of 3.1 (S=Rgas/Rair) for 10 ppm NH3 at 200°C for an individual 
CuO nanowire. Therefore this work shows an appreciable sensitivity enhancement to a 
concentration as low as 10 ppm NH3 at low temperatures in comparison to previous reports. It 
should be noted however, that Singh and Bedi
43
 observed a much higher response to 100 ppm 
NH3 at RT than our sensor, which can be due to the high porosity of their nanocrystalline CuO. 
However, they did not report a detection limit. The sensing mechanism between NH3 and CuO 
film has been studied in detail earlier.
42-45
 The classic conduction model of metal oxides can be 
used to explain the sensing mechanism.
45
 The surface oxygen species withdraw electrons from 
CuO decreasing its resistance due to the generation of holes in the material. The interaction 
between NH3 and the CuO surface can be described as follows:
42
 
O2
−
/O
−
/O2
−
 + NH3(ad) ↔ Nspecies + H2O + e
−
     (5) 
However, the interactions between NH3 and the surface of CuO may involve many reaction paths 
with different charge exchanges such as:
42, 46
  
3O2
−
 + 4NH3 ↔ 2N2 + 6H2O + 3e
−
   (6) 
3O
−
 + 2NH3 ↔ N2 + 3H2O + 3e
−
   (7) 
3O2
−
 + 2NH3 ↔ N2 + 3H2O + 6e
−
   (8) 
The surface oxygen species and the adsorbed NH3 molecules react to form N2 and H2O as the 
main resulting products. The released electrons then decrease the hole concentration in the CuO 
film resulting in an increase in the resistance. This is in agreement with the experimental results 
(Figure 11a) confirming the p-type behavior of the CuO film. A schematic illustrating the 
sensing mechanism of all materials for NO2 and NH3 gases is shown in Scheme 1.  
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Scheme 1. Illustration of the interaction of NO2 and NH3 gases with CuTCNQ and N-doped 
CuO. 
Conclusion 
As-deposited and annealed CuTCNQ nanostructured sensing layers were evaluated for gas 
sensing towards NO2 and NH3 in the temperature range 25˚-100°C. Significantly, upon annealing 
CuTCNQ was converted into p-type N-doped CuO as confirmed by XRD and XPS analysis. This 
significantly enhanced the sensing response towards NO2 and NH3 gases compared to CuTCNQ. 
This was related to both the change in the majority charge carrier as well as the chemical 
interaction between the gases and the sensing layer, where CuTCNQ in particular is sensitive to 
surface reactions. Promising sensing results for NO2 and NH3 detection were found as compared 
to reports in the literature. This method opens up the possibility of using other MTCNQ sensing 
layers for room temperature gas sensing and their possible conversion to the N-doped metal 
oxide counterpart upon annealing. 
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